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NWPW Modules of NWChem

Three modules are available to compute the energy, optimize
the geometry, numerical second derivatives, and perform ab
INitio molecular dynamics using pseudopotential plane-wave
DFT.

PSPW - (Pseudopotential plane-wave) A gamma
point code for calculating molecules, liquids, crystals,
and surfaces.

Band - A band structure code for calculating crystals
% and surfaces with small band gaps (e.g. semi-
conductor s and metals)

PAW - a gamma point projector augmented plane-
wave code for calculating molecules, crystals, and
surfaces




| ntroduction

Silicon carbide (SiC) has been recognized as a potential PEESILAL SEVIEW B 84 1220
cladding material for gas-cooled fission reactors,

structural components for fusion reactors and an inert T -
matrix for the transmutation of plutonium because of its ] ] @ >
small neutron capture cross section, low activation and @ < 9 st
good thermal conductivity under irradiation. In these Y . W
extreme radioactive environments, bombardment by

high-energy positrons, protons or neutrons result in a

cascade of native and interstitial defects.

FIG. 1. The dafact confisurations and atonuc relaxatnon for (a)
the O -0 100} and (b)) T7-51{ 110} mtersobals obtamed by ab -
ma calculations.

Typically, molecular dynamics (MD) simulations have been used to simulate high-energy
cascades. However, a considerable amount ambiguity has been introduced into the literature
regarding the formation of native defects, their clusters and in particular the stability of interstitial
configurations, because different MD potentials lead to different results. The alternative Is to use
electronic structure methods, but the number of atoms needed to simulate a cascade process
prohibits the use of even the most efficient of these methods.

Electronic structure calculations can provide a set of accurate defect formation energies and also
guidelines for evaluating the quality and fit of empirical potentials.
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Multi-scale modeling of SC — Parameter Passing
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Displacement Cascades

* |nterstitial o Vacancy

a. Creation of a Frenkel pair by an elemental displacement process.
b. Schematic representation of a displacement cascade : O, starting point of

the primary knock-on; p, stopping point.




Results from MD simulations of S displacement
cascadesin 3C-SC

. ° S Interstitial © C Interstitial ° S Antisite
20 ps "SiVacancy ~CVacancy ° C Antisite

» Most defects are single interstitials and mono-vacancies.

»  Only small proportion of interstitials is formed in clusters.
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Defect Propertiesin SC (Ab initioand MD
Calculations)
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Size Effects in Ab Initio Calculati_g_q_s

Defects Previous First Present First = W =g
Principles Principles .= ) '
(atoms in unit cell) (atoms in unit cell) L L
VC 5.9 (31) 5.48 (31) 110]
Vs, 6.8 (31) 6.64 (31)
Cre 11.0 (33) 6.41 (65)
Crs 8.6 (33) 5.84 (65)
Sitc 14.7 (33) 6.17 (65)
SiTS 150 (33) 871 (65) ¥ FIG. 4 (a) The charge density (aw) consour plot and (k) the
C-Si"<100> - 10.05 (65)  aombpcirmmns e
g+gl<<11(§)(§)>> gig Eggg *32, 64, and 128 atom
Si*-Si<100> : 0.32 (p5)  SUPercells
C*'-C<110> - 3.32 (65)  °Cutoff energy of 36 Ry and
C*-Si<110> : 3.28 (65) 82Ry
MP2 correction
Cs; 1.10 (32) 1.32 (32) 15
Sic 7.30 (32) 7.20 (32) 69

_9




Defect Propertiesin SC (Electronic Structureand MD

Calculations)
Formation energy (eV)

Defects Tersoff”  First principles* First principles (present work)
Ve 5.15 5.90 5.48
Vs 6.31 6.80 6.64
Csi 0.35 1.10 1.32
Sic 5.5 7.30 7.20
Crc 8.34 11.0 6.41
Crs 6.68 8.6 5.84
Sitc 10.52 14.7 6.17
SiTs 14.33 15.0 8.71
C'-Si<100> 5.88 - 3.59
C-C<100> 5.97 - 3.16
C-Si"<100> 11.28 - 10.05
Si*tSi<100> 10.03 - 0.32
C*-Si<110> 9.39 - 3.28
C*-C<110> 6.50 - 3.32

» In generdl, the properties of vacancies and antisites are in good agreement.

> Interstitial results with Tersoff2 are different from el ectronic structure results,
particularly related to the stability of interstitials.

* C.Wang et al. Rhys. Rev., B 38 (1988) 12752.




New (Brenner) Potential developed based on Electronic
Structure Calculations

Parameters used for fitting potentials:

» Cohesive energy, lattice constant, elastic constants, the formation
energies of four C interstitials.

Results

» The equilibrium properties of bulk SIC calculated with the new potential are
IN good agreement with experiments.

Formation energy (eV)
Ab intio New Tersoff"
Defects  (present work)  Potential

C'-C<100> 3.16 3.04 6.41
C'-Si<100> 3.59 3.43 9.03
C'-C<110> 3.32 3.30 6.21
C'-Si<110> 3.28 3.95 unstable
Cs 1.32 (1.5 MP2) 1.69 0.35
Sic 7.20 (6.9 MP2) 412 6.1
\VA 5.48 2.76 5.20
Vs 6.64 3.34 6.31
C-Si"<100> 10.05 7.54 9.10
Cic 6.41 4.65 4.86




Ab Initio Molecular Dynamics Simulation of Defect Annealing

Are neigboring antisite defects stable to high temperatures?
« MD simulations readily predict interchange

 Much longer interchange for 1500K simulations
« DFT may be predicting low barriers

SIC antisite pair Car-Parrinello simulation, T=2000K




Characterizing The Electronic States Of

Large Ab Initio Calculations

Defects can have several
different electronic

configurations. ‘
Characterizing electronic

states can be a Challenge "

INn large systems that
contains hundreds to
thousands of molecular

orbitals

Several of the possible electronic
configurations of a V- Vacancy defect in SlC
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Characterizing The Electronic States Of
Large Ab Initio Calculations

Ge metal Bloch orbital from

LDA calculation
Bloch orbitals of large systems are

difficult to interpret because there are a
large number of them and they are
delocalized over the unit cell.

Ge metal Wannier orbitals
from LDA/SIC calculation

Boys (Wannier) orbitals (localized
orbitals) make the interpretation of
electronic states of large systems

easy.




GaGa <100> Interstitial Defect in GaN

Ga lone pair orbitals

No bond found between Ga-Ga dimer .

- - o me a
-
- b I

Center of Ga tetrahedral site Is there a bond between Ga-Ga?

Wannier orbitals near

the GaGa <100> defect -~




Self-Interaction in DFT

Coulomb energy contribution to the total energy of electronic system:

n )

Where p(7) isthe tota electron density: p(7)=Yp, (7)="Y |v,#)|
=] =1
Therefore, Coulomb term includes self-interaction of an orbital with itself:

0 = [ arar PADPAT)

P -7

In Hartree-Fock approximation, exchange interaction Is evaluated
exactly and self-interaction Is cancelled out.

In practical Implementations of DFT, exchange energy Is approximated
and self-interaction remains.




Total energy in DFT, Hybrid functionals,
and DFT-SIC

Standard DFT: ( ) ( (9
I
> = S( G+
Eper a OYSI( )8 5 +Vext ( )dr+2(D Ir_ rq: drdr Exc[rl’ 2]

%]

DFT with hybrid XC functionals:

E :é (‘)Ys,i(r)ge% VextS( (r)dr +%(‘I‘)r (r)r (rgdrdr¢+a e &Y (NIH+OE[ror ]

g

DFT-SIC Functional
Remove salf-interaction in avery straghtforward way (Perdew & Zunger, ' 82):

Eper SIC[{rs |}]_ EDFT[r (r)] as\é\i;() |(r ? r(F( (Ddrdr(t EXC[FS I,O]g

Full SIC strongly overestimates the corrections. A phenomenlogical

- d| ng factor of a=0.4 found to work well _
palielle




Why Apply Hybrid Functionals (e.g. B3LYP) or Sealf-
|nteraction Corrections?

1.

It can be responsible for the inability of DFT to localize spin

and electron densities:

e Slze consistency problem (dissociation of H,*)

o Sealf-interaction (coulomb) barrier to charge or spin
localization

It treated carefully, exact exchange or self-interaction

corrections (SIC) can resolve (at |east, partially) the accuracy

of transition states and the band-gap problem In

semiconductors and Insulators.

When these two problems are fixed, a description of complex

systems qualitatively different from the DFT predictions can

emerge.



1. How to calculate EExcthS,i r)}H ?
)

(
EEXCths,i(r)}H:'@rdrqiéN éN Y”(r Y?n(r)YE(r“)Ym(f@

n(occ) m(occ) |r - rq:

This looks much more difficult than

E L [r (0] = gyrared,. & Y ()Y ()Y (rdy  (rd _ rare” (7 (9

n(occ) m(occ) |r - rq:

Even for localized systems, E., ., IS very involved, poorly scales with the size, and
IS a bottleneck In applications to larger molecules or clusters.

For periodic systems, Y (r) arethe Bloch functions, and the sumsinclude all

occuplied bands as well as integration over k-vectors.




Bloch functions (M O) — k-space integration
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Wannier functions — k-gpace integration

Wannier functions are the result of a unitary transfor mation acting on the Bloch
functions, just a very special one: It acts on the space of k-vectors and centers R

rather than band indices n: Q




S (‘]fplrdr(léN éN w, (r - R)w, (r& R)w,(r - RGw, (r¢- R9

n,R mR¢ |r_rq:

Why is it any better the with the Bloch functions?
It gets better If each Wannier function islocalized in one unit cell: then

R=R(




Thisis already much better looking. But we can do even better:

A (1) =W, (1) W, (1)

A.(r)=A,(r)=A,(r)=0

For the highest possible gain need
maximally localized WF’s

If It IS possible to create localized Wannier functions for a given system

" S Depurment of vy




Calculating Eg, ., with Wannier Functions

o Wannier functions constructed from single G-point Kohn-Sham Bloch states,
have infinitely many artificial periodic replicas.

 To usethe plane-wave method to calculate E, ., one hasto limit integration
to asingle unit cell.

Been = c‘n‘ﬂrdﬂa a Am(N) AR (r9f (r - r¢)

To handle extended systems, we replacethe - ' (1 (Lexp((8)B)) " 8)/abs(x
Coulomb interaction by a screened Coulomb 1/abs(4
|nteraction: 0.8 -
N (N 0.6 |
1- |1- exp{- (r/R)
fr)=
I 0.4

0.2 -

Thiskerne isnearly equal to 1/r for r<R
and rapidly decaysto O for r>R.




Band Gapsin Several Oxide Systems

System Single-Particle Band Gap (eV) Both DFT-SIC and

Experiment | PBE96 SBEo6.Sc | HYbrid tunctionals can
be used to correct band

Al20; 8.9 5.9 8.4 gap problem of DFT
TIO, (rutile) 3.0 1.8 3.0

SiO, 8.9 6.1 8.6
HfO, 5.6 3.6 5.7
HfSIO, ? 4.8 7.2
Fe, 04 2.1 0.8 2.3

Single-Particle Band Gap (eV)

Experiment | PBE96 PBE96- | PBEO
SIC

AlLO, 8.9 5.9 84| 84

TIO, (rutile) 3.0 1.8 3.0 3.0

8.9 6.1 8.6 8.7




Development of Hybrid Functionals M ethods

Vacancy on 110 rutile TIO, surface

PBE96 PBEO




L ocalization of spin and charge densitieshy SIC

Prediction of the relative energy of localized and delocalized states Is a very important
Issue. It Iswell known that DFT favors delocalized states even in the systems where charge
localization Is observed or expected.

(Al,S)O, system: Al substitutional defect in silica

Experiment: Structural symmetry breaking; spin density strongly localized on a
single O atom; corresponding bond is longer than the bonds with three other O atoms.

PBE96 calculation Batthele-Bhakt €l cisteulesl onl ation




Bulk periodic system calculation with DFT - SIC




Future Directions-Adaptive classical molecular
dynamics approach

» Overall dynamics is still driven by classical MD algorithm
e enables large system size and long simulation times

» Parameters of interaction are adapted to changing conditions by means
of concurrent ab-initio simulations

e provides accurate description of chemical interactions

MD smulation

‘ : ADb-Initio

o)

Generation Calculations
of

f (r11r2)

= W (ry,r,)

@ ©




Future Directions-Traditional Approach to
generating
classical potentials

\ 4

P No real definition of the effective classical
potentials

» Procedure for Its generation Is not well defined

» Fitting Is performed over limited number of
reference configurations

» Time consuming, cannot be fully automated




Future Directions-Effective Action Approach to
Classical Potentials

Rasamny, Valiev, Fernando, Phys. Rev. B 58, 9700(1998).
Valiev, Fernando, Phys. Lett. A 227, 265(1997).

» Pair-Density based representation of many-body system
» Precise definition of the effective classical potential

» “Fitting” Is performed on the partition function

» Self-consistent procedure

W[f]:-ilnTrlexp( (H +6 r,r')A,(r,r')drdr ))l

b
n,(r,r')= aw(f) G[nz]:W[f]- c (r,r')n,(r,r')drdr

of (r,r')
Cn, | = Go[n, [+ G [, ]

f (r " ) grc]inir[,nrz%




Conclusions

1. Abinitio calculations were carried out to determine defect propertiesin 3C-SC.

2. Current phenomenological (Tersoff) potentials do not predict energetic ordering of
defect structures.

3. Thedevelopment of more accurate potentials that match to ab initio calculations

provides for more accurate MD simulations of defect migration and defect annealing
Processes.

4. Self-consistent DFT-SIC is implemented in the NWChem plane-wave package and can
be used to study complex systems. Hybrid functionalsis still under development.

5. DFT-SIC and Hybrid functionals are shown to be capable of solving some well-known
problems of DFT .
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Just re-writing the same formulas in different forms:

- saed 4 Ye()Ya()YL(r9Y,(r9

n(occ) m(occ) |r B r¢

So far, collecting different pieces together

* N\ N
F(r,rg =- éN Yalr)Ya(rg and é :é Nd°k  too much!

n(occ) |r B r¢ n(occ) n=1gy
Een = Qpirdr&(r,rg a Y. (r)Y,(r9
m(occ)

A good thing about F(r,r*) Isthat it Is invariant with respect to rotations between
the orbitals (asis, for example, r (r)= 3 Y _.(r)Y.(r)).

n(occ)
Yn,k (r)® é. Ur(1km)Y m,k (r)




Future Directions-Computational
Implementation

fotlr.r)=folr,r’)-aq'(r,r)
;Q:tiﬁlecagteesr?tial qi(r ,r') = Gjrldrllf (i)(rl,rl'){<ﬁ4(r1,r1',r,r')>- <ﬁ2(r1,r1')><ﬁ2(r r)>}
° - {<Eﬁ2(r,r')>- <E><n2(r,r')>}

Generate Classical Ab-Initio Energies

Trajectory - along the trajectory E,
A

{R} 4 E e E,

.
< »
""""

.
.
"""""

Ve
\4

Update Potential
for(rr)=folr.r')-aq'(r,r)




Bloch functions VS. Wannier functions

Y, (r+R)=€®Y  (r) Wn(r-R):(Z\I;)g 5d%ke "y, (r)

Wannier functions are the result of a unitary transformation acting on the Bloch
functions, just a very special one: It acts on the space of k-vectors and centers R
rather than band indices n:

W, (F - R) = d%k U (RK)Y,, (r)

(20) &z




AlSIO, system: Al substitutional defect in silica. “ State-of-the-art” cluster calculation
Imitating the bulk system (with B3LY P Functional)




The(Kohn-Sham) one-electron orbitals in the plane-wave approach are generally
delocalized Bloch states. Even for finite systems (atoms, molecules, and clusters) or
Wannier states such an approach produces infinitely many periodic replicas of the
system

Bl och functions (MO) Wannier functions
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To use the plane-wave method to calculate SIC, one has to limit integration in SIC term to a
single unit cell.

For finite systems, we use aperiodic, or

]_ N (r )r (r () free-space, boundary conditions procedure
(ECoul ) — (D drdr ¢ developed by Bylaska et al (Bylaska et al,
2 WW I - r¢ 1996, 2002, Valiev et al 2003) to calculate

the one unit cell integral.
To handle extended systems, we replace the Coulomb interaction by a screened Coulomb

|nteraCt|On 1 | | * (14(1- exp(-(x/B.0)"'8) )""B)/abs{x) —+—
NN
1- 1- expi- (r/ R)
f(r)=
r +
This kernel is nearly equal to 1/r for r<R
..................... Ve .




